Chirped multilayer mirrors have permitted mode-locked lasers to routinely generate pulses in the sub-10 fs regime. Continuous progress in the design, manufacturing, and characterization of multilayer structures has led to ever more precise group-delay dispersion control over ever broader spectral ranges. The resultant few-cycle laser fields have opened the door to the generation and measurement of isolated attosecond pulses and led to the birth of attosecond metrology. Precision multilayer dispersion control over increasing bandwidth has gradually pushed the frontier of femtosecond technology to what has been thought to be its ultimate limit: the wave cycle of visible light, allowing routine generation of sub-100 attosecond pulses. Next-generation attosecond technology will be based on synthesized multi-octave waveforms; they are expected to advance the field in several ways: first, by permitting control of electronic motions with a force variable on the atomic time scale; second, by providing sub-femtosecond optical transients for attosecond nonlinear pump-probe spectroscopy; third, by producing attosecond pulses at Angstrom wavelengths, opening the door to four-dimensional imaging with atomic resolution in space and time. In this article, we address the enabling technology: chirped multilayers for spectral separation and recombination as well as precise dispersion control of multi-octave optical radiation spanning from the ultraviolet to the mid-infrared range. This cutting-edge optical technology provides the force engineerable on atomic-to-molecular time scales and brings about the next revolution in ultrafast science.
INTRODUCTION
Observing and controlling fast-evolving processes relies on light flashes with a duration substantially shorter than the time evolution of the process of interest. The quest for ever-shorter pulses started shortly after the first laser was demonstrated [1] and rapidly led to sub-100 fs pulses by passively mode-locked dye lasers [2] [3] [4] [5] [6] .
After a reign of two decades, femtosecond dye lasers were replaced by Kerr-lens mode-locked Ti:sapphire lasers, in which selfphase modulation and group-delay dispersion (GDD) control by a pair of prisms allowed the pulse duration to approach [7, 8] and surpass the 10 fs regime for the first time [9] . Uncompensated higher-order dispersion was found to be the limiting factor in further pulse shortening [9, 10] , while the delicacy of the prism arrangement challenged the reproducible operation. Replacing the prisms with aperiodic multilayer resonator mirrors with tailored GDD [11] , which became known as chirped mirrors, allowed these limitations to be overcome. With their use, Stingl et al. [12, 13] demonstrated the generation of highly stable sub-10 fs optical pulses from a Kerr-lens mode-locked Ti:sapphire laser. Over the next decade, the capability of chirped mirrors to reflect light over a broad range of wavelengths with controlled phase, combined with simplicity and high efficiency, had been instrumental in advancing Ti:sapphire oscillators to the fewfemtosecond, few-cycle regime [14] [15] [16] [17] [18] [19] .
Discovery of nonlinear pulse compression [20] [21] [22] [23] [24] slowly pushed the achievable spectral bandwidths to an optical octave. Precise and versatile techniques for manipulation of the temporal profile of ultrashort pulses were in demand. Programmable pulse shapers [25] got into the spotlight. They include liquid crystal arrays [26, 27] , deformable mirrors [28] , and acousto-optic programmable dispersive filters (AOPDFs) [29, 30] . Programmable pulse shapers provide unprecedented flexibility for amplitude and phase shaping of the spectra, along with the possibility of on-demand tuning. However, they come at the expense of non-negligible disadvantages. Liquid crystal arrays and deformable mirrors need to be placed in the Fourier plane of a 4-f system, thus often becoming a cumbersome arrangement. In addition, their efficiency is limited by the efficiency of involved diffraction gratings. Deformable mirrors are also constrained by the maximum amplitude of the deformation. AOPDF has rather low efficiency while operating on the broadband spectra. As a result, despite their lack of flexibility, dispersive multilayer mirrors retained their leading positions in the field of dispersion control over broadband spectra.
By the turn of the millennium, nonlinear pulse compression of amplified pulses along with the progress of dispersive mirror technology [31] extended the frontiers of ultrashort pulse generation to what has been believed to be an ultimate border-one cycle of the optical carrier wave. Advanced chirped-mirror-based ultrafast systems nowadays routinely deliver powerful near-single-cycle pulses [32, 33] , which in turn enable the generation of trains of and isolated attosecond extreme ultraviolet pulses [34] [35] [36] .
To this end and more generally for the control of electronic phenomena with the electric force of light, precise control and shaping of the electric field evolution (henceforth "optical field") is of crucial importance [37, 38] . Shifting the phase of the carrier wave with respect to the pulse envelope, referred to as the carrier-envelope phase (CEP), constitutes the simplest means of modifying the temporal evolution of the optical field. This modification preserves the sinusoidal field evolution and introduces a sub-cycle change in the amplitude evolution for pulse duration comparable to the carrier wave cycle.
More versatile control of atomic-scale electronic motion requires sculpting of the field evolution on an attosecond time scale, i.e., within the wave cycle of light. This calls for super-octave bandwidth and control schemes more sophisticated than simple adjustment of the CEP. Sub-cycle tailoring of optical fields can be implemented by changing the relative time delays between several coherently recombined CEP-stable wavepackets carried at different wavelengths. This generic approach constitutes the basis of optical waveform synthesis (OWS). The first successful implementations of the OWS concept were based on stimulated Raman scattering [39] , the synchronization of independent ultrafast sources [40] , or fiber amplifiers jointly seeded with a spectral continuum [41] .
More recently, multi-octave, phase-stable supercontinua produced by self-phase modulation of sub-millijoule femtosecond pulses in gas-filled hollow fibers have been spectrally subdivided and, after precision GDD and CEP control as well as delay of the separated wavepackets, coherently recombined. The approach has yielded optical field transients with non-sinusoidal waveforms [42] , including some with durations shorter than 1 fs [43] . The output energy of this "passive" non-amplifying (henceforth "passive") scheme is limited to a fraction of the energy of the seed continuum, typically in the multi-microjoule to sub-millijoule regime. This passive scheme can be turned into an active one by incorporating optical parametric amplifiers (OPAs) in the individual spectral channels. In this case, the synthesizer can then be seeded at lower energy, which is then boosted by many orders of magnitude in broadband OPA stages [44] [45] [46] [47] [48] . Such an OPA-based, "active" optical waveform synthesizer (henceforth "active") holds promise for delivering multi-octave transients with multi-millijoule energy and multi-TW peak power.
Both the passive and active schemes are similar in that they rely on chirped mirrors. Following the demands of the OWS, chirped mirror technology had to be extended from the visible (VIS) and near-infrared (NIR) range around the spectrum of Ti:sapphire toward the ultra violet (UV) and the infrared (IR), where chirped mirrors have been hardly available [49] . In this work, we discuss the specific demands on the optics required for OWS, challenges associated with the different spectral domains spreading over several octaves, and design approaches that address these challenges, and we demonstrate the most recent progress in the field of dispersive optics for OWS.
We start by addressing the problem of dividing multi-octave radiation into different spectral channels while preserving the spectral phase and amplitude distribution of the light wave, and then move on to discuss the broadband dispersive multilayer mirrors required for GDD control over the individual spectral ranges. We give an overview of multilayer optics for the VIS and NIR range of Ti:sapphire lasers and then address the latest advances that extend precision GDD control into the UV and toward the mid IR.
MULTI-OCTAVE GROUP DELAY CONTROL
Independent of the specific scheme, OWS relies on seed pulses with ultra-broad spectral coverage, spanning preferably a couple of octaves or more. The spectrum is separated into several channels, of which each is treated individually. In the case of the passive scheme, each channel is compressed to near its Fouriertransform-limit (FTL) in a dispersive delay line, before being recombined to synthesize the transients. In active schemes, each wavepacket remains temporally stretched while being amplified in one or more OPA stages. In [50] , Chia and co-workers suggested keeping the individual channels slightly chirped until after the final recombination in order to decrease the peak intensity and thus reduce the B-integral. The ultra-broadband dispersive mirror pair was meant to compensate the dispersion of the combined waveform afterward. The laser-induced damage threshold of the final mirror pair still remains a concern.
The channels of any OWS apparatus are initially separated with customized dichroic beam splitters (DBS). There are several major requirements to these key components: (1) a high contrast between reflected and transmitted light; (2) a "cross-talk" region between channels that is used for channel-to-channel synchronization; and (3) smooth, well controlled (preferably flat) phase of both reflected and transmitted spectra in order to ensure compressibility of the individual channels. Fulfillment of all three requirements simultaneously is a formidable task [50] . Conventional DBSs are based on quarter-wave stacks of alternating high-and low-refractive-index dielectric layers. Their highreflectance (HR) band is determined by the contrast between the refractive indices of the coating materials and is typically much narrower than the desired spectral span of the individual synthesizer channel. While exhibiting negligible GDD within the central region of their HR band, they are plagued by strong group delay (GD)/GDD ripples at the edges of the zone, which is intolerable in applications for OWS. In order to extend the HR zone to the desired bandwidth and suppress dispersion ripples in the transition zones, the layer thicknesses are numerically optimized. The resultant slight detuning from a quarter-wave structure also creates the required "cross-talk" zones.
Beyond the just-mentioned criteria, the DBSs of the OWS have to fulfill general requirements for mirrors used in demanding applications, such as compensation for the tensile stress caused by the multilayer coating itself. In the case of an interferometric setup such as an OWS, this is particularly important in order to match the wavefronts of the individual channels and ensure their optimal superposition across the entire beam. This critical Review Article requirement is met by applying a compensatory coating on the back surface of the mirror substrate.
The designed reflectance and GD for the class of DBSs used for separating the UV, VIS-UV, and VIS channels in OWS in [43] and VIS and NIR from IR in an OPA-based active OWS under development are presented in Fig. 1 . The DBSs characterized by the curves in the Fig. 1 well fulfill the above-mentioned major requirements demanded by OWS applications: (1) there is a high contrast between high-reflectance and high-transmittance zones, yet (2) there are relatively narrow transition zones between the channels and (3) the GD is smooth for both the highreflectance and high-transmittance zones, even including the transition regions. These DBSs can be used for splitting as well as for recombining the beams.
VISIBLE DISPERSIVE OPTICS
Broadband dispersive multilayer mirrors in the VIS and NIR have matured over the decades. In their first applications, dispersive mirrors aimed to introduce constant negative GDD over a selected spectral range [51, 52] . Several design approaches have been applied to improve mirror performance [53, 54] .
In the pursuit of near-single-cycle light, the required working bandwidth rapidly approached an optical octave [21, 55] . Under these conditions, control of GDD to the lowest order became insufficient for achieving transform-limited pulses and more sophisticated designs were needed. Double-chirped mirrors [56] [57] [58] , complementary mirror pairs [59] , and double-angle mirrors [60] enabled significant extension of the bandwidth and simultaneous control over the higher-order dispersion. Evolution of the design tools and computational power has also been instrumental in the progress of the thin-film multilayer coatings for ultrafast optics [61] [62] [63] .
As a result, the state-of-the-art chirped mirrors nowadays are able to operate over super-octave spectra and compensate the phase to an arbitrary dispersion order [50, 64] . However, the accurate initial definition of the dispersion target remains a major challenge for the development of broadband dispersive multilayers.
A. Phase Compensation Versus Material Compensation
The main goal of the dispersion management in the case of pulse compression is to compensate for spectral phase variations; therefore, the precise control of it is of utmost importance. A major prerequisite is accurate knowledge of the spectral phase to be compensated for. Several techniques have been developed for measuring this quantity, allowing (together with the spectral amplitude) complete characterization of the ultra-short laser pulses [65] [66] [67] . Unfortunately, most of the techniques are not without shortcomings. These include the presence of ambiguities, insufficient temporal and/or spectral resolution and/or range, inherent inability to measure the complete pulse intensity and/or phase, inability to measure complex pulses, and artifacts due to multi-shot averaging over pulses with fluctuating characteristics [68] . As a result, the phase retrievals may be inconsistent and/or inaccurate, and thus compromise the accuracy of the target for dispersive multilayer development (henceforth "dispersion target").
Whenever the chirp carried by the laser pulse to be compressed is dominated by material dispersion, it may be more reliable to aim at canceling this material dispersion, which is well known. Therefore, in the material compensation approach, the dispersion target is chosen to compensate for the dispersion accumulated by the initially compressed pulse after propagation through known materials (including air). Since the optical constants of the commonly used optical materials and gases are well known, the resulting target can be calculated with a high accuracy, with the only remaining source of uncertainty being nonlinear effects. Figure 2 presents two group delay versus wavelength dispersion targets for mirrors to be used in the VIS spectral range. The material-based dispersion target (blue curve) in Fig. 2 was designed to compensate for dispersion introduced by 2 mm of fused silica and 1 m of air with four bounces on double-angle dispersive mirrors. The phase-based target (red curve) was derived from a measured spectral phase. While the material-based target is clearly dominated by the second-and third-order dispersion, the phase-based target is noticeably influenced by the higher orders. These higher orders are likely inherited from the paternal nonlinear process (for example, broadening in a hollow-core fiber) or accumulated upon propagation due to induced nonlinearities.
In rare cases, when the accurate measurement of the spectral phase is hindered and compensation for material dispersion only does not yield the desired quality of compression, a hybrid approach may be helpful. In this case, the initial target is approximated by the known material dispersion. With the first set of dispersive optics produced in this way, the residual phase is either carefully measured or compensated for by a programmable dispersive filter [29, 30] . The new target is corrected for this residual phase. A dispersion target developed following the hybrid approach is presented in Fig. 3 . The black curve in Fig. 3(a) is the initial dispersion target calculated to compensate for a particular amount of material dispersion in the optical system. After the first optics were produced and implemented, it was found that the blue edge of the spectrum (wavelength range 400 to 450 nm) required additional dispersion [red curve in Fig. 3(a) ]. The new hybrid dispersion target was then designed to introduce the missing residual dispersion identified in the just-mentioned procedure (blue curve). The reconstructed spectral phases of the ultrashort pulses achieved with material-only and hybrid approaches are presented in Fig. 3(b) . The spectral phase of the 6.1 fs pulse achieved via hybrid compression (blue curve) is noticeably flatter in the working spectral range than the spectral phase of the 15 fs pulse achieved with material compensation only, thus obviously yielding the better compression. The hybrid approach is powerful at the expense of increased time and material consumption.
The production of multiple layers that precisely reproduce the dispersion target over the entire bandwidth is challenging. Dispersive multilayer coatings are very sensitive to deposition errors, as even slight changes in the layer thicknesses affect the spectral phase, so high-precision deposition techniques are required to ensure reliable production. Magnetron and ion beam sputtering are well-established processes for the production of dielectric multilayer optics for the VIS and NIR spectral ranges that offer higher accuracy and reproducibility than electron beam evaporation. Consequently, the coating materials are often chosen to be compatible with either of the methods.
The working spectral range of a thin-film coating is defined by the transparency regions of the coating materials. A pair of layer materials with large contrast between their refractive indices is highly beneficial for broadband control of optical radiation. Currently, Ta 2 O 5 ∕SiO 2 and Nb 2 O 5 ∕SiO 2 are the two most commonly used material pairs for production of the dielectric thin-film coatings for the VIS and NIR spectral ranges. Their low absorptance and high refractive index contrast (2.12/1.47 for Ta 2 O 5 ∕SiO 2 and 2.28/1.47 for Nb 2 O 5 ∕SiO 2 at 800 nm [69] ) permit the production of multilayer structures with high reflectance and low loss in the VIS spectral range.
The multilayer mirrors following the dispersion targets in Fig. 2 were produced by magnetron sputtering deposition process. The agreement between designed and measured characteristics demonstrates the reliability of the technology (Fig. 4) . Upon implementation, both designs yielded well-compressed, nearly transform-limited pulses: 6.5 fs (6.1 fs FTL) [ Fig. 4(a) ] in the case of phase-based target and 2.9 fs (2.7 fs FTL) [ Fig. 4(b) ] in the case of the material-based target, therefore validating the suitability of both approaches.
Overall, significant developments in the field of dispersive coatings stimulated by the demands of the ultrafast optics allow for a versatile and reliable dispersion management in the VIS and NIR spectral ranges.
ULTRAVIOLET DISPERSIVE OPTICS
For almost two decades after the first demonstration of dispersive multilayer mirrors [11] , their evolution responded to the demands of Ti:sapphire-based systems, with little effort being invested into the extension of the technology into the UV spectral range [70] . Generation of the synthesizer's spectrum via broadening of the femtosecond Ti:sapphire pulses in a gas-filled hollowcore fiber [42, 43] gives rise to a significant extension of the spectral range into the UV. Consequently, it is possible-and for many applications desirable-to extend the synthesizer's spectral coverage to the UV spectral range.
UV is a notoriously difficult working range in terms of dispersion control for broadband radiation, because the refractive index and absorption rapidly increase as the frequency of the incident radiation approaches atomic resonances in the UV, resulting in strong dispersion and often non-negligible absorption over even relatively short propagation distances.
Manufacturing of precision dispersive multilayers in the UV is significantly more challenging. The physical thickness of the individual layers scales with the central wavelength, and thus it becomes smaller for shorter wavelengths, while the absolute deposition error remains approximately unchanged. Consequently, the relative error in layer deposition tends to be higher in the UV than in the VIS-IR range. As a result, electron-beam evaporation of the HfO 2 ∕SiO 2 material pair, the well-established standard technology for the production of high-reflectivity mirrors and filters in the UV, is unsuitable for the manufacturing of dispersive optics for UV. The accuracy of this deposition technique entails intolerable errors for chirped multilayers in the UV. Fortunately, the deposition of this material pair has recently been adapted for magnetron sputtering [71] and ion-beam sputtering, enabling the deposition of layers with higher accuracy. This progress has been instrumental in extending broadband dispersive multilayers into the UV range. Another major challenge has turned out to be the optical properties of the thin-film materials themselves.
A. Induced Nonlinear Effects
While progress in ultra-short pulse generation, assisted by dispersive multilayers, has been beneficial for advances in the field of nonlinear optics, modeling of thin-film multilayer coatings has so far excluded nonlinear effects. Their reflectance, transmittance, and dispersion were evaluated on the basis of the linear optical properties of the layer materials. Our recent work has demonstrated that this approach may be inappropriate while working in the UV.
The dispersive multilayer mirrors employed in strong field experiments are typically exposed to intensities on the order of 10 10 W∕cm 2 to 10 12 W∕cm 2 . This regime is dominated by the bound electronic nonlinearities related to the second-and third-order electric susceptibility. The appearance of these nonlinearities in bulk media is known and taken into account upon designing of the apparatus. However, as the average thickness of the thin-film multilayer for the visible spectral range is about 7 μm and nonlinear refractive indices of the most commonly used coating materials are rather small in this range, it was assumed and accepted that thin-film coatings are not susceptible to nonlinearities until intensities reaching nearly the laser-induced damage threshold.
In our recent work, we uncovered the fact that dispersive multilayer structures might be affected by a nonlinear polarization response for incident intensities significantly lower than the damage threshold due to strong local field enhancement. In the UV range, when nonlinear refraction and two-photon absorption rapidly increases [72] , this enhancement becomes sufficient to trigger the appearance of the third-order nonlinearities that are otherwise not observed [73] . However, the effect is not only bound to the UV [74] . Therefore, the optics of the future high-energy active OWS systems might be affected and these effects should be taken into account.
B. Establishing Control Over Induced Nonlinearities
To prevent small nonlinearities from adversely affecting the dispersive properties of chirped multilayers, it is desirable to take the nonlinear absorptance and the nonlinear refractive index into account. In the absence of reliable experimental data on nonlinear refractive indices and two-photon absorption coefficients of commonly used dielectric coating materials over the broad spectral ranges of interest, accurate incorporation of these parameters into the design routine is unfortunately not possible. At the present, only approximate modeling based on estimated values of nonlinear coefficients is feasible.
In our recent work [73] , we have found a way to estimate the two-photon absorption coefficient for a spectral range of interest from the experimental data and to incorporate it into the design procedure. We showed that undesirable nonlinear absorptance can be efficiently suppressed by substituting a significant amount Review Article of the high-index-layer material with low-index-layer material. As the two-photon absorption coefficients are inversely proportional to the electronic band gap of the materials [72] , the low-index materials have much weaker induced absorptance and therefore their properties are much less intensity dependent.
We have recently implemented this approach in the design of a UV dispersive multilayer for a passive OWS [43] , using an "effective" spectrally averaged two-photon absorption coefficient estimated from the experiment [75] . Figure 5 illustrates the key points of the approach. It shows designed reflectance of the optimized and non-optimized UV dispersive multilayer. The gray curve shows the reflectance of the non-optimized design without any of the nonlinear absorptance taken into account, the blue curve shows the reflectance of the non-optimized design affected by the nonlinear absorptance, and the red curve shows the reflectance of the optimized design with nonlinear absorptance taken into account. There is a clear improvement of averaged reflectance from the non-optimized to optimized design. The improvement is reached by modification of the initial, non-optimized design depicted in the Fig. 5(b) , with a significant amount of high-index material being substituted by low-index material. The resultant multilayer stack of the optimized design is presented in Fig. 5(c) .
The optimization for minimum two-photon-induced absorptance has to preserve the dispersion properties of the mirror [ Fig. 5(a) ]. This was achieved by suitable adjustment of the low-index replacement layers to ensure the required optical delay. Consequently, the replacement layers need to be thicker, yielding an increased physical thickness of the overall coating. This, in turn, increases the risk for excessive tensile stress.
Modification of the stack alternates the distribution of the electric field in the multilayer coating (Fig. 6) . The enhancement is reduced and the peaks of the electric field are re-situated in lowindex layers. As the distribution of the electric filed is also known to strongly influence the damage thresholds of the thin-film coatings [76, 77] , the modified distribution yields a potentially higher damage threshold.
Extending dispersive mirror technology further into the UV calls for exploration of new materials. One of the prospective alternatives is the Al 2 O 3 ∕SiO 2 pair. However, the much lower refractive index contrast (1.84/1.50 versus 2.25/1.50 for HfO 2 ∕SiO 2 at 250 nm [69] ) will require more layers and overall thicker coatings to be deposited in order to achieve a similar introduced GD. At the same time, the high precision of the deposition process needs to be maintained. The fulfillment of the both criteria is possible by transferring the technology to ion-beam sputtering deposition plants.
INFRARED DISPERSIVE OPTICS
There are a number of reasons for extending the capability of optical waveform synthesis into the IR spectral range; they include the exploration of strong-field phenomena in solids [78] and the generation of isolated attosecond x-ray pulses via extending highharmonic generation into keV photon energies [79] [80] [81] . These prospects sparked interest in the development of ultrafast sources with spectral coverage extending into the mid IR [82] [83] [84] , including schemes for OWS [46, 48] .
Just as in the UV, the development of dispersive optics for IR lags behind, but for a different reason: the lack of scientific interest. Starting from the wavelength of 1.5 μm, most of the commonly used optical materials change from positive to negative group-velocity dispersion (GVD), while Si and Ge maintain positive GVD through the mid-IR range. Consequently, it becomes possible to perform compression in bulk by carefully balancing the materials with opposite GVD in the beam path [83, 85, 86] . Unfortunately, the approach works well only for dispersion compensation to lowest-order (GDD), with high-order 
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Vol. 4, No. 1 / January 2017 / Opticacontributions to dispersion, which are essential for few-cycle pulses, left uncompensated [85] . In addition, with its band gap of 1.11 eV (at 300 K), Si is susceptible to two-photon absorption, restricting the maximum incident intensity. Implementation of dispersive multilayer mirrors offers an elegant solution for circumventing these shortcomings.
Two alternative chirped mirror designs covering the IR range spanning from 1.6 to 2.7 μm are presented in Fig. 7 . The design illustrated in Fig. 7(a) imitates dispersion introduced by 0.25 mm of Si; the design in Fig. 7(b) follows an alternative target. While it introduces the GDD equivalent of 0.25 mm Si at the central wavelength, the sign of the third-order dispersion is changed to negative.
As the thickness of the individual layer of the multilayer design scales with the central wavelength of the incident spectrum, multilayer structures in the IR tend to be substantially thicker than their counterparts designed for VIS or UV wavelengths. For example, the physical thickness of the coatings in Fig. 7 approaches 20 μm. The risk of excessive tensile stress, which might affect the mechanical properties of the deposited structure and make it peel off from the substrate, increases. The overall physical thickness must therefore be traded off against bandwidth, dispersion, and reflectance of the dispersive mirror, all of which tend to increase with increasing number of layers and hence structure thickness. For instance, the design in Fig. 7(b) was allowed to be slightly thicker and contain more layers than the design in Fig. 7(a) , resulting in higher reflectance and improved pulsecompression efficiency.
Fortunately, the limitation to the maximum physical thickness is not a fundamental one. The mechanical stress may be reduced by tuning the parameters of the deposition process at the expense of changes in the optical properties of the layers. These changes must be well understood and controlled before the approach can be used for the production of thicker structures.
Unlike in the UV, there are several layer materials excellently suited for multilayer development in the IR range. The alreadymentioned material pair exploited in VIS/NIR, Nb 2 O 5 ∕SiO 2 , is transparent until 8 μm. For the spectral region beyond 2 μm, Si is an excellent high-index material, while SiO 2 and Al 2 O 3 are used as low-index counterparts and are transparent until 7 μm [87] . The large electronic band gaps of Nb 2 O 5 and SiO 2 -4 and 7.5 eV, respectively-allow for the avoidance of nonlinear effects in the infrared range, permitting development and production of Review Article a broad class of efficient, precise, and flexible multilayer designs essential for broadband pulse manipulation.
CONCLUSIONS
Over the last two decades, dispersive multilayer optics have become standard components of ultrashort pulse laser systems and have defined the frontiers of ultrafast technology. In cooperation with well-controlled optical nonlinearities they permitted, for the first time, the generation of near-bandwidth-limited, near-singlecycle optical pulses. These in turn opened the door (by yet another nonlinear process: high-order harmonic generation) to the production of isolated attosecond extreme ultraviolet (XUV) pulses, the dispersion control of which also benefits from aperiodic multilayer structures [88] [89] [90] .
Next-generation attosecond metrology calls for versatile control of the electromagnetic force of light within a half cycle of its oscillation. This calls for multi-octave superposition of optical fields with adjustable phase and amplitude-OWS in brief. Again, aperiodic dielectric multilayers constitute an enabling technology for this latest frontier of ultrafast science. Figure 8 (a) summarizes the dispersive mirrors controlling few-cycle pulses in the four channels of a two-octave-spanning UV-VIS-NIR synthesizer, which has recently been demonstrated to be capable of generating a wide range of sub-cycle to few-cycle light transients, including sub-femtosecond optical pulses for the first time [43] . Figure 8(b) , in turn, depicts dispersive mirrors developed for a prototypical three-channel device covering the entire near IR and reaching out into the mid IR, which is currently under construction.
State-of-the-art multilayer deposition technology had to rise to several challenges to be able to produce dispersive mirrors with the required precision in previously inaccessible wavelength ranges. Extension of the dispersive multilayer technology into the UV spectral range required both improved precision in depositing the nanometer-thick layers and new design paradigms to avoid undesirable nonlinear effects coming into play. On the other hand, pushing the opposite spectral frontier of dispersive multilayer optics to ever-longer wavelengths calls for new parameter optimization of coating algorithms for providing an optimal balance between the best possible mechanical and optical properties of ever-broader multilayer structures.
At present, precision dispersive multilayer designs span the working range of three octaves, allowing for precise and efficient dispersion control of light waveforms composed of signals all the way from ultraviolet (0.29 μm) to mid-infrared (2.7 μm) wavelengths. They define the cutting edge of ultrafast technology and pave the way toward new research directions based on dramatic advances in our capability to control atomic-scale electronic motions. In spite of all these advances, the technology is far from approaching its ultimate limits. Ongoing persistent technological efforts, driven by a range of scientific applications, are likely to expand the frontiers of multilayer-based optical dispersion control by several more octaves in the years to come. Acknowledgment. The authors thank Dr. M. Trubetskov for his continuous and invaluable contribution to the field; Drs. M. Th. Hassan, T.T. Luu, and E. Goulielmakis for fruitful discussions that yielded development of the dispersive designs in Fig. 1(a) and Fig. 8(a) ; Dr. A. Sommer for discussions that resulted in the designs of Fig. 3; and Dr. N. Karpowicz for the ideas of Fig. 7 . We are also grateful to Dr. M. Weidman for his assistance with the styling of the text. Review Article
